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The conversion of oxygen-rich biomass into hydrocarbon fuels requires efficient hydro-deoxygenation catalysts during the upgrading process. However, traditionally prepared Co-MoS 2 catalysts, although efficient for hydro-desulfurisation, are not appropriate due to their poor activity, sulfur loss and rapid deactivation at elevated temperature. Here, we report the synthesis of MoS 2 monolayer sheets decorated with isolated Co atoms through covalent bonding of Co to sulfur vacancies on the basal planes that, when compared to conventionally prepared samples, exhibit superior activity, selectivity and stability for the hydro-deoxygenation of 4-methylphenol to toluene. The higher activity, allows the reaction temperature to be reduced from the typically used 300 o C to 180 o C and thus allows the catalysis to proceed without sulfur loss and deactivation. Experimental analysis and density functional theory calculations reveal a large number of sites at the interface between the Co and Mo atoms on the MoS 2 basal surface and we ascribe the higher activity to the presence of sulfur vacancies that are created local to the observed Co-S-Mo interfacial sites.
Sulfided CoMo or NiMo catalysts have been commercially used for hydro-desulfurisation reactions for decades 1, 2 . It is generally believed that active sites on the crystallographic edges of MoS 2 slabs, promoted by Co or Ni atoms, can activate organic sulfides and H 2 for the catalytic removal of sulfur in hydrocarbon streams 3, 4 . The catalysts are also active for the removal of other hetero-atoms such as oxygen and nitrogen from organic molecules in H 2 at elevated temperatures 5 . In particular, the catalytic hydro-deoxygenation (HDO) reaction is becoming industrially more important due to the urgent need for the conversion of oxygen-rich biomass into a renewable hydrocarbon energy source. However, these sulfided catalysts are unstable due to sulfur loss under industrial operating conditions, and without sulfur compensation from an external source, contamination of the products and deactivation of the catalyst is inevitable 6, 7 . This has precluded the commercialisation of MoS 2 based catalysts for the hydro-deoxygenation reaction.
To improve catalytic activity and stability, and to mitigate the current need to use of high reaction temperature, a rational bottom-up catalyst design approach following a fundamental understanding of the active site is necessary [8] [9] [10] . For example, coordinatively unsaturated edge atoms of nano-crystals are known to offer active sites with promoter atoms for catalysis, whereas coordinatively saturated sites on basal planes of two-dimensional MoS 2 crystals are regarded as catalytically inert 4, 11 . However, as the thickness of a MoS 2 crystal is reduced, the proportion of exposed basal plane atoms compared to edge atoms increases dramatically. It is therefore of great significance to also create coordinatively unsaturated sites on the MoS 2 basal plane with promoter atoms, ensuring both basal surfaces and edges are catalytically active.
It is well accepted that layered transition metal dichalcogenides, including MoS 2 and WS 2 , can be chemically exfoliated (separated) into single or few layered sheets in solution through intercalation (i.e. using Li), and their band structure can be tailored as a result of changing the s-p z orbital interactions between their adjacent layers, giving some exceptional optical, electronic and magnetic properties [12] [13] [14] . It has recently been shown that chemically exfoliated single MoS 2 molecular layers in fact contain a large concentration of sulfur vacancies on the basal plane due to charge transfer of Li to the layer followed by S 2-leaching 15, 16 . These sulfur vacancies constitute atomic level interfaces of high surface free energy, onto which small molecules can attach with high affinities, and may thus serve as anchoring sites for metal atoms or clusters. Thiol-terminated ligands have recently been shown to attach to such S-deficient layers strongly by refilling of the sulfur vacancies [17] [18] [19] .
Here we report the synthesis of a new catalyst consisting of Co dispersed on MoS 2 monolayers, the structure of which is different from those prepared by traditional methods. To prepare this catalyst we first synthesized chemically exfoliated MoS 2 monolayers, followed by mixing these monolayers with thiourea-based Co species via sulfur vacancies. We subsequently show direct experimental evidence that single Co atoms are incorporated into the basal planes. As a result, we demonstrate that the formation of sulfur vacancy sites created by Co on the MoS 2 molecular sheet during hydrogen activation at 300 o C. This Co-doped monolayer MoS 2 containing many intrinsic sulfur vacancies, displays excellent activity, selectivity and stability for the HDO of 4-methylphenol at 180 o C with no detectable sulfur loss from the catalyst system.
RESULTS AND DISCUSSION

Structure and Catalytic performance
The preparation of few layer molybdenum disulfide ( Table 1 ) in order to reach acceptable activities for the HDO of phenolic compounds 6, 7, [20] [21] [22] . A recent study using a slightly lower temperature of 275 o C for this reaction (entries 4 and 5) was also noted 23, 24 .
According to these results, pure MoS 2 gave 91.2% conversion of 4-methylphenol in a 3-h batch reaction, but further decreases in operation temperature proved to be inefficient 23 . The addition of Co atoms was clearly able to promote the reaction, driving it to completion at the same time whilst also achieving greater toluene selectivity. However, these traditionally prepared Co-MoS 2 based catalysts were still inactive at temperatures lower than 275-300 o C, presumably as they contained only few catalytically active edge sites in their bulk form 24 . Notice that noble metal containing catalysts are well known to hydrogenate oxygenated organic molecules at much lower temperatures; a fully hydrogenated product, cyclohexane over Pd/ZSM-5 was obtained instead 25 (entry 6).
As seen from entry 9 of ) despite a small amount of Co doping (also see Figure 1a ). This result implies that the immobilized Co on the basal sites of S MoS 2 facilitate the formation of more catalytic sites at a close proximity for cascade catalysis at higher temperature. In terms of activity expressed per mole of Co, the catalyst also displays a superior activity of 7772.5 mL s -1 mol Co -1 (entry 11), which is 89 times more active than that of the typical reported CoMoS x /Al 2 O 3 catalyst of 87.3 mL s -1 mol Co -1 (entry 3) under comparable conditions. As far as we are aware, this new catalyst prepared via intercalation shows the highest rate for toluene production among all those catalysts reported in the literature for this reaction. Fig. 2 ). The relative peak ratios and peak positions of Mo 3d and S 2p correspond to the 2H-MoS 2 structure, which remained unchanged after the reaction. In contrast, typical sulfided Mo based catalysts suffer from deactivation caused by sulfur loss with oxidative change of Mo (Mo  4+ to Mo   6+   ) at elevated temperature 6, 7 , which our low temperature regime prevents. Moreover, high operating temperatures facilitate coke formation, which is another contributing factor for deactivation in conventional sulfided Mo based catalysts 7 . In sharp contrast, our new Co promoted S MoS 2 materials exhibit exceptional catalytic performance since they are active, selective and stable under low temperature with no apparent loss in sulfur from the catalyst.
Characterisation of MoS 2 monolayer sheets featuring isolated Co atoms (Co-S MoS 2 )
The freshly prepared S MoS 2 was characterized by transmission electron microscopy (TEM, Supplementary Fig. 3 ) and atomic force microscopy (AFM, Supplementary Fig. 4 ) which indicated that the material contains 56% of its flakes composed of a monolayer, 28% two layers, 13% three layers, and so on 27 , with a mixture of turbostratic and well stacked layers 29 ( Supplementary Fig. 5 ). After the Co immobilization on to the dispersed MoS 2 flakes under hydrothermal conditions, some aggregation of the modified sheets was apparent ( Supplementary Fig. 3 ). However, many of the thin-layers of Co- Fig. 2 ), in which the 2H phase was exclusively observed 15 . From TEM images ( Supplementary Fig. 3 ), there was no evidence of aggregation of the Co atoms into larger Co-containing nanoparticles on the MoS 2 sheets. This is supported by X-ray diffraction (XRD), which indicated there were no Co containing crystalline phases present, even though the content of Co in the Co- Fig. 12 ).
To further confirm the presence of Co atom in these bright contrast spots simultaneous ADF and EELS acquisitions were performed. A line-scan for both ADF intensity and EELS was taken across a bright contrast spot, indicated in Fig. 16 ). In addition to Co being distributed across the basal plane, Co atoms were also detected along the edges of the Co- 
Density functional theory (DFT) calculations
The availability of a large number of additional sites to accommodate Co atoms on basal planes of S MoS 2 via sulfur vacancies created from corresponding bulk structure may account for its more efficient catalysis at low temperature.
Periodic DFT calculations were thus performed to assess the adsorption energies of Co atom by these sites. First, we found that the chemisorption of Co is exothermic on three site types on the basal plane of 2H which provided a sufficient number of Co-S-Mo active sites for the HDO reaction to occur at a low operating temperature (180 o C). The catalyst described is extremely active, selective and stable for the conversion of 4-methylphenol to toluene in hydrogen at low operation temperature and opens the possibility of using this novel type of catalyst for hydro-deoxygenation for biomass conversion without sulfur loss from the catalyst.
Methods
Preparation of single-layered MoS 2 ( S MoS 2 ).
In a typical experiment, 0.5 g of bulk MoS 2 crystalline powder was soaked in 4 mL of 1.6 M n-butyllithium/hexane for 48 h under nitrogen atmosphere. After the intercalation of MoS 2 by lithium, the produced Li x MoS 2 was washed using vacuum filtration with 50 mL of hexane to remove excess butyllithium and organics and then dried under N 2 . Then the powder was immersed into 250 mL of water and the resulting suspension was sonicated to assist the completion of the exfoliation process, as any intercalated lithium would react with water to form H 2 gas between the layers. The evolution of H 2 tended to assist the separation of MoS 2 layers.
The dispersion was centrifuged at 5000 rpm for 15 min to remove unexfoliated precursor and only the supernatant was collected by pipette. Eventually, the exfoliated MoS 2 layers remained totally suspended in aqueous solution. The pH value of the dispersion became alkaline due to the presence of trace of lithium hydroxide. To collect the [17] [18] [19] . After the reaction, the precipitate was washed three times using deionized water and then dried under vacuum for 12 h and finally pretreated with H 2 at 300 o C for 1 h prior to storage. 6890N ). The products were confirmed against pure samples and mass spectrometry (MS). For all the experimental data, the carbon balance was >95% and experiments were repeated at least three times to ensure the repeatability of the data. The rate of the HDO of 4-methylphenol was calculated assuming a pseudo-first-order reaction as below,
where k is the pseudo-first-order rate constant (mL s -1 mol
), x is the conversion of 4-methylphenol, C cat is the concentration of catalyst under reaction system and t is the reaction time (s).
Sample characterisations as well as the theoretical methods and computational details, are described in the Supplementary Information.
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